Glucose metabolism promotes insulin secretion in ␤-cells via metabolic coupling factors that are incompletely defined. Moreover, chronically elevated glucose causes ␤-cell dysfunction, but little is known about how cells handle excess fuels to avoid toxicity. Here we sought to determine which among the candidate pathways and coupling factors best correlates with glucosestimulated insulin secretion (GSIS), define the fate of glucose in the ␤-cell, and identify pathways possibly involved in excessfuel detoxification. We exposed isolated rat islets for 1 h to increasing glucose concentrations and measured various pathways and metabolites. Glucose oxidation, oxygen consumption, and ATP production correlated well with GSIS and saturated at 16 mM glucose. However, glucose utilization, glycerol release, triglyceride and glycogen contents, free fatty acid (FFA) content and release, and cholesterol and cholesterol esters increased linearly up to 25 mM glucose. Besides being oxidized, glucose was mainly metabolized via glycerol production and release and lipid synthesis (particularly FFA, triglycerides, and cholesterol), whereas glycogen production was comparatively low. Using targeted metabolomics in INS-1(832/13) cells, we found that several metabolites correlated well with GSIS, in particular some Krebs cycle intermediates, malonyl-CoA, and lower ADP levels. Glucose dose-dependently increased the dihydroxyacetone phosphate/glycerol 3-phosphate ratio in INS-1(832/13) cells, indicating a more oxidized state of NAD in the cytosol upon glucose stimulation. Overall, the data support a role for accelerated oxidative mitochondrial metabolism, anaplerosis, and malonyl-CoA/lipid signaling in ␤-cell metabolic signaling and suggest that a decrease in ADP levels is important in GSIS. The results also suggest that excess-fuel detoxification pathways in ␤-cells possibly comprise glycerol and FFA formation and release extracellularly and the diversion of glucose carbons to triglycerides and cholesterol esters.
Insulin secretion by pancreatic ␤-cells in response to glucose and other nutrients regulates fuel homeostasis (1) . Glucose is the main driver for insulin secretion via its intracellular metabolism in the ␤-cell. Enhanced glucose metabolism results in an elevation of the ␤-cell ATP/ADP ratio, closure of ATP-sensitive K ϩ (K ATP ) 3 channels, depolarization of the plasma membrane, and activation of voltage-dependent Ca 2ϩ channels followed by a rise in intracellular Ca 2ϩ that triggers insulin exocytosis (2) (3) (4) (5) (6) . However, this classical pathway alone does not explain how other nutrient stimuli such as free fatty acids (FFAs) increase glucose-stimulated insulin secretion (GSIS). Experimental evidence supports the existence of other metabolic processes called K ATP -independent or amplifying pathways that enhance GSIS (7) (8) (9) .
We have proposed that the glycerolipid (GL)/FFA cycle with its lipogenesis and lipolysis arms regulates GSIS via the production of lipid signaling molecules (10) and recently shown that saturated long chain 1-monoacylglycerol acts as a metabolic coupling factor (MCF) that amplifies GSIS via activation of the exocytosis protein munc13-1 (11) (12) (13) . Additional metabolites derived from glucose metabolism, such as ATP (4), malonyl-CoA (14, 15) , glutamate (16) , mitochondrial GTP (17) , reactive oxygen species (18, 19) , and NADPH (20, 21) possibly via redoxdependent deSUMOylation (22) have been proposed to act as MCFs for GSIS. However, the relative importance of each of these metabolites for GSIS remains to be established.
Short-term exposure of ␤-cells to FFA increases GSIS, but chronic exposure to elevated concentrations of FFA results in ␤-cell dysfunction and apoptosis (23) . Growing interest has been expressed in the concepts of glucotoxicity (24) , lipotoxicity (25) , and glucolipotoxicity (26, 27) in type 2 diabetes, and their roles in ␤-cell failure have been widely studied. However, the question whether the ␤-cell has mechanisms to protect against such fuel excess toxicity remains. In response to chronic fuel surfeit, many cells are able to defend themselves against nutrient-induced toxicity. For example, in skeletal and cardiac muscle, insulin normally promotes nutrient uptake and storage. Nonetheless, chronically elevated fuel supply induces insulin resistance (28 -30) . This is likely a beneficial adaptive process to prevent tissue dysfunction from fuel overload (31, 32) . Excess fuel can be stored as more "inert" triglycerides (TGs) in adipose tissue and as glycogen and TG in liver. The response of islet ␤-cells to chronic fuel excess, however, is different. To maintain glucose homeostasis, the ␤-cell has to continuously sense fuel load, particularly glucose, and respond with precise insulin secretion. ␤-Cells cannot protect themselves by blocking glucose uptake to avoid excess nutrient load, and they have limited capacity to store fuel excess. Thus, ␤-cells must remove or divert glucose carbons rapidly toward various metabolic pathways to continuously maintain glucose flux entering the cell for insulin secretion and to protect from fuel surfeit.
The GL/FFA cycle is not only implicated in lipid signaling for insulin secretion (11, 33) but may also at elevated glucose play a role in preventing metabolic stress in ␤-cells and provide a means for nutrient-excess detoxification because it is an ATPconsuming futile cycle (34) . Of relevance, we estimated that glucose carbon flux through the glycerol backbone of GL accounts for ϳ25% of the total islet glucose utilization in Zucker fatty rat islets (35) . Thus, this pathway is able to divert significant quantities of glucose entering the cell away from mitochondrial oxidation. Another means is to limit the buildup of potentially harmful lipid intermediates such as lysophosphatidic acid or to divert FFA from de novo ceramide synthesis (23) by increasing TG deposition in lipid droplets. In fact, a higher capacity of islets to accumulate TG has been shown to be associated with reduced FFA-induced cytotoxicity in islets (36) . However, no systematic examination of such candidate pathways of fuel-excess detoxification has been carried out in ␤-cells. Thus, identification of these pathways that allow ␤-cells to cope with fuel surfeit may prove important for a better understanding of the molecular nature of ␤-cell metabolic stress and glucolipotoxicity and provide avenues for the treatment of type 2 diabetes.
We hypothesized that putative fuel detoxification pathways should be active at elevated glucose levels even beyond those concentrations where insulin secretion is maximal. Therefore, one way to identify candidate glucose-excess detoxification pathways is to measure metabolic pathways and metabolites at various glucose concentrations and to identify those that still increase beyond maximal concentrations of glucose for GSIS. By doing so, we expected to discriminate between pathways/ metabolites implicated in GSIS from those involved or also implicated in glucose detoxification. To accurately discriminate between these two, we decided to use an enriched incubation buffer (basal glucose of 4 mM in the presence of 2 mM glutamine (Gln) in rat islets and 2 mM glucose plus 2 mM Gln in INS-1(832/13) cells) that mimics more closely the physiological milieu in terms of basal nutrient supply. We recently realized that during standard in vitro insulin secretion experiment with 0 -2.8 mM glucose ␤-cells are in fact energy-depleted, and thus upon glucose stimulation most metabolites are increased (37) (38) (39) (40) , making it difficult to discern metabolites that act as MCFs from those that increased upon the glucose supply simply because they were depleted due to very low metabolic rate under basal condition (1, 41) . In the present study, we aimed to determine which among the candidate metabolic pathways and MCFs best correlate with GSIS, define the fate of glucose in the ␤-cell, and identify pathways that may be involved in excessfuel detoxification.
Results

Glucose-induced insulin secretion and its correlations with glucose and mitochondrial metabolism and the production of ROS, glycerol, and glycogen
To better define the fate of glucose metabolism in the ␤-cell and to distinguish metabolites and pathways involved in GSIS versus others that may also be implicated in the detoxification of excess glucose, we compared the glucose dose dependence of islets for insulin secretion with the profile of various metabolic processes, metabolites, and candidate MCFs under the same incubation conditions. Isolated rat islets were incubated for 60 min at 4, 10, 16, and 25 mM glucose for measuring insulin release as well as glucose utilization and oxidation, oxygen consumption, ATP and ROS production, glycerol release, and glycogen content. As expected GSIS increased between 4 and 16 mM glucose before reaching a plateau between 16 and 25 mM ( Fig. 1A) . Similarly, glucose oxidation ( Fig. 1C ), oxygen consumption ( Fig. 1D ), and ATP production ( Fig. 1E ) all showed a saturation plateau between 16 and 25 mM. Mitochondrial uncoupling/proton leak did not vary with the glucose concentration ( Fig. 1F ). However, glucose utilization ( Fig. 1B) , glycerol release ( Fig. 1I ), and glycogen content ( Fig. 1L ) did not show such saturation and increased almost linearly between 4 and 25 mM glucose. This suggested that the latter metabolic pathways and molecules ( Fig. 1, B , I, and L) are possibly linked to excessfuel detoxification. In particular, release of glycerol (three-carbon compound) by islets showed a molar equivalency to the amount of glucose (six-carbon compound) utilized, indicating that at high glucose concentration almost one-third of glucose used gave rise to glycerol, which is released out of the cell. Thus, glucose utilization is measured by the release of labeled H 2 O occurring at the enolase step that lies downstream of dihydroxyacetone phosphate in the glycolysis pathway and of its direct derivative glycerol 3-phosphate (Gro3P). Hence, glycolysis flux in the early part of the pathway corresponds to glucose utilization calculated on the basis of enolase reaction plus glycerol release. Note that Gro3P can be directly hydrolyzed to glycerol by a Gro3P phosphatase that we have recently identified in mammalian cells (42) or esterified to form glycerolipids before being released as glycerol following lipolysis (43) . Also, data showed that glucose utilization was quantitatively much higher than oxidation, which reached a plateau at 16 mM glucose, with a rate of 25 nmol of glucose oxidized/mg of protein/h. Thus, glucose utilization is not entirely related to insulin secretion, and a significant portion of utilized glucose carbons is likely redirected to other pathways with some possibly linked to fuelexcess detoxification.
Previous studies have demonstrated that hyperglycemia-induced intracellular ROS mediates ␤-cell apoptosis (44, 45) . However, at relatively low concentrations, ROS could be beneficial having signaling roles in various cellular processes (46) , including insulin secretion in ␤-cells. We found that production of superoxide ( Fig. 1 , G and J) and hydrogen peroxide (Fig.  1, H and K) were significantly increased at 10 mM glucose compared with 4 mM in isolated islets but decreased rapidly at higher glucose concentration (16 and 25 mM), suggesting that cellular ROS levels are regulated to prevent potentially "toxic" accumulation (45, 46) . We then examined the importance of the mitochondrial electron transport chain (ETC) in the intracellular ROS generation by exposing islets to high glucose in the presence of an inhibitor of the ETC or a ROS scavenger ( Fig. 1 , J and K). Results showed that ROS scavenger N-acetylcysteine lowered the production of superoxide and hydrogen peroxide at elevated glucose, whereas rotenone, a complex I inhibitor, increased ROS production, indicating that site I of the ETC is implicated in ROS production. Overall, the results indicate that GSIS correlates with glucose-dependent respiration and ATP Glucose metabolism and signaling in ␤-cells production ( Fig. 1 , A, D, and E) and that a major fate of glucose metabolism is formation and release of glycerol and to a much lower extent glycogen (see nmol of glucose utilization, glycerol release, and glycogen) ( Fig. 1, B , I, and L).
Glucose linearly increases the production and release of FFA as well as cellular content of TG and total and esterified cholesterol
Considering that excess glucose carbons can be directed toward cholesterol, FFA, and glycerolipid synthesis, we examined the effect of increasing glucose level on the accumulation of these classes of lipids in rat islets. Total FFA content and release (Fig. 2, A and B) increased linearly with glucose concentration up to 25 mM glucose. More specifically, the main FFA species that accumulated in islets were myristate (C14:0), palmitate (C16:0), oleate (C18:1), and stearate (C18:0) ( Fig. 2D ). Except myristate, all of these FFAs increased linearly with glucose concentration, and glucose quantitatively caused the accumulation of long-chain saturated FFA. Similar results were obtained for FFA release even though oleate release did not linearly increase with glucose concentration. Furthermore, stearate and palmitate were the predominant FFA species that accumulated in islets and released in the incubation medium ( Fig. 2 , D and E). Octanoate, decanoate, laureate, palmitoleate, arachidonate, and linoleate were also measured but did not show any change after glucose stimulation (not shown). Similarly, TG ( Fig. 2C ), total cholesterol, cholesterol esters, and free cholesterol ( Fig. 2 , F-H) all linearly increased with glucose concentration.
A major fate of glucose metabolism in islets is glycerol release and lipid synthesis
The results in supplemental Fig. 1 are the raw data used for the calculations of the changes in flux of metabolic pathways and metabolites from 4 to 16 mM and from 16 to 25 mM glucose that are reported in Fig. 3 . As discussed above, glucose usage measures flux in the lower part of the pathway at the enolase step (2-phosphoglycerate to phosphoenolpyruvate) and we named it in supplemental Fig. 1 6-phosphate was estimated as the carbons related to glucose usage plus those of glycerol release, and we named it "upper glycolysis." Indeed, glycerol release comes from the dihydroxyacetone phosphate-derived Gro3P either via lipogenesis and then lipolysis or via direct hydrolysis of Gro3P by glycerol-3phosphate phosphatase (42) . "Calculated glycolysis" in Fig. 3 , C and D, is upper glycolysis plus the carbon in glycogen that is derived from glucose 6-phosphate. It reflects the calculated flux through glucokinase, the first step in the pathway in ␤-cells. As glucose carbons have several cellular fates, we examined the absolute levels of various metabolites compared with glycolysis following glucose stimulation (Fig. 3, A and B) . To better quantitatively assess pathways possibly involved in excess glucose detoxification, glucose-derived metabolite levels were plotted as net differences between 4 and 16 mM glucose ( Fig. 3A) and between 16 and 25 mM glucose ( Fig. 3B) , assuming that the differences noted beyond 16 mM glucose would reflect candidate pathways involved in excess-glucose detoxification. Importantly, although it is recognized that the assessment is indirect because we did not directly measure metabolic flux derived from glucose carbons with isotope labeling, the measurements of the levels in various metabolites likely largely cor-respond to glucose-derived carbons because glucose was the only exogenous fuel that varied under our experimental condition. Fig. 3 , A and B, show that glycerol release and to a lesser degree total FFA were the two parameters that increased the most in terms of nmol/mg of protein /h when glucose concentration was increased from 4 to 16 mM and from 16 to 25 mM, whereas total cholesterol (the addition of cholesterol esters and free cholesterol) and glycogen were lower in comparison followed by TG content. However, when the data were analyzed in carbon equivalents (see "Experimental procedures") ( Fig. 3 , C and D), which take into account the carbon numbers of each metabolite, total FFA, TG, and total cholesterol became significant recipients for the glucose carbons with approximately equivalent accumulation. Nonetheless, released glycerol remained the quantitatively higher metabolite of glucose-derived carbons at very high glucose concentrations ( Fig. 3D ). For easier quantitative comparison of the various pathways and metabolites with glycolysis flux, Fig. 3 , E and F, report the same data expressed as carbon equivalents as a percentage of calculated glycolysis. Thus, an important fate of glucose carbons in rat islets is formation and release of glycerol as well as lipids, in particular total FFA, total cholesterol, and TG. 
Changes in the levels of metabolites in response to glucose in INS-1(832/13) cells and correlation with GSIS
To enhance our understanding of metabolic signaling of glucose in the ␤-cell, we then used a targeted metabolomics approach to identify the metabolites that best correlate with the dose dependence of GSIS. Various classes of metabolites and candidate MCFs were measured by LC-MS/MS in INS-1(832/ 13) cells in a medium with 2 mM glucose and 2 mM Gln for the basal fuel condition. INS-1(832/13) cells were chosen for this study instead of isolated islets due to measurements sensitivity issues, and 2 mM glucose and not 4 mM (islet studies above) was chosen because the dose dependence of GSIS in INS-1(832/13) cells is shifted to the left in comparison with islets. Insulin secretion increased with glucose concentration between 2 and 11 mM glucose ( Fig. 4A ) and reached a plateau at 11 mM glucose. The half-maximal effect was observed at lower concentrations of glucose in INS-1(832/13) compared with isolated islets as reported before (47, 48) .
All measured glycolysis-related and Krebs cycles intermediates increased in INS-1(832/13) cells in response to elevated glucose concentration ( Fig. 4 ). In accordance with a key role of anaplerosis (replenishment of Krebs cycle intermediates) in glucose signaling, several cycle intermediates correlated well with GSIS, in particular citrate/isocitrate, fumarate, and malate. Thus, as for GSIS, their level at 20 mM glucose was not significantly different from that at 11 mM. Also, in accordance with a role of GL/FFA cycling (1, 43) and the Gro3P shuttle (8) in GSIS, the level of Gro3P correlated with insulin secretion because its concentration at 20 mM glucose was not significantly different from that at 11 mM. Figs. 5-7 show metabolite data from the same experiments as in Fig. 4 .
The levels of glutamine, glutamate, and acetoacetyl-CoA ( Fig. 5, A, B , and F) remained unchanged with increasing glucose concentration. As described before, leucine and alanine levels slightly increased with glucose concentration (40, 49) ( Fig. 5, D and E) . Acetyl-CoA ( Fig. 5G ) levels showed a tendency to increase with glucose concentration. In accordance with the observation that an important fate of glucose in the ␤-cell is cholesterol, the first intermediate in the pathway of cholesterol biosynthesis, hydroxymethylglutaryl-CoA (HMG-CoA) ( Fig.  5I) , was reduced perhaps due to HMG-CoA reductase activa-tion due to AMP kinase inhibition at elevated glucose (50) . We found a significant reduction in aspartate ( Fig. 5C ) levels as a function of glucose similar to previous reports (14, 37) . Following glucose exposure, malonyl-CoA levels rose markedly ( Fig.  5H ) and correlated well with insulin secretion (Fig. 5J ) as described previously (37) .
The increase in NADH upon glucose stimulation was very prominent (Fig. 6B ), whereas that of NADPH was modest and did not reach statistical significance (Fig. 6D ). Reduced glutathione (GSH) levels ( Fig. 6E ) rose only at 20 mM glucose, whereas it was unchanged at 11 mM where secretion was maximal ( Fig. 6L ). NAD ϩ (Fig. 6A ) and NADP ϩ (Fig. 6C ) did not vary, but there was a decrease in oxidized glutathione (GSSG) Glucose metabolism and signaling in ␤-cells after glucose stimulation ( Fig. 6F ) and no change in the GSH/ GSSG ratio at concentrations of glucose (4 and 11 mM) that promoted effective insulin secretion. NADPH and GSH have been proposed to be implicated in the control of insulin exocytosis via thioredoxin and glutaredoxin (21, 40, 51) . The results obtained using our richer medium in terms of basal fuels do not provide support to the view that the glutathione redox systems regulate GSIS at least in INS cells, although the data do not discount this possibility.
The contents of NADH and NAD ϩ and their ratio may not indicate the oxidation-reduction state in subcellular compartments in the ␤-cell. The ratio of dihydroxyacetone phosphate (DHAP) to Gro3P (DHAP/Gro3P) is linked to the cytosolic free NAD ϩ /NADH ratio by the NAD ϩ -dependent cytosolic L-Gro3P dehydrogenase. Indeed, this enzyme is well expressed in the normal ␤-cell and is thought to catalyze a near equilibrium reaction (52) . We found that glucose dose-dependently increases the DHAP/Gro3P ratio in INS-1(832/13) cells, indicating a more oxidized state of NAD in the cytosol upon glucose stimulation. A high cytosolic NAD/NADH ratio would favor glycolysis by promoting flux through glyceraldehyde-3-phosphate dehydrogenase. This is in agreement with a previous islet study reporting a similar effect in pure pancreatic rat ␤-cells during GSIS (52) . Also consistent with this conclusion is the finding that the pyruvate to lactate ratio rose dose-dependently upon glucose stimulation (Fig. 6K) . Thus, the rise in total NADH caused by elevated glucose (Fig. 6B ) likely reflects NADH in the mitochondrial compartment.
K ATP channel closure via a rise in the ATP/ADP ratio is important for GSIS. In agreement, ATP levels (at least at 4 and 10 mM glucose; Fig. 7C ) slightly increased, and AMP ( Fig. 7A ) and ADP (Fig. 7B ) decreased with glucose concentrations. Even though the absolute increase in ATP levels was very modest (Fig. 7C) , both ADP and AMP fell markedly (Fig. 7, A and B) , thereby significantly altering the ATP/ADP (Fig. 7G ) and ATP/ AMP (Fig. 7H ) ratios, and earlier observations indicated that K ATP channel may be more influenced by a reduction in ADP levels (53) than an increase in ATP. Studies have provided evidence for a role for mitochondrial GTP in GSIS (17) . Although there was a small increase in total GTP levels ( Fig. 7F) , which includes both the smaller pool of mitochondrial GTP and the larger GTP pool in the cytosol, the precise changes in the mitochondrial pool may not be detectable (48) . GDP and adenosine levels decreased at intermediate glucose levels (Fig. 7, E and J) , whereas GMP ( Fig. 7D ) and cAMP (Fig. 7K ) levels did not vary. There was a prominent increase in the GTP/GDP ratio (Fig. 7I ) at stimulatory concentrations of glucose for insulin secretion (Fig. 7L ).
Discussion
In the present study, using rat islets, we examined the fate of glucose and metabolic pathways and corresponding metabo- Glucose metabolism and signaling in ␤-cells lites involved in stimulus secretion coupling and possibly excess-fuel detoxification processes and whether these pathways are shared or different. Why would the ␤-cell need pathways related to fuel-excess detoxification? One reason is that, due to its intrinsic glucose-sensing properties, unlike most cell types it immediately equilibrates glucose levels across the plasma membrane due to the presence of the high K m and V max transporter Glut2 such that hyperglycemia translates into elevated concentrations of glucose in the ␤-cell cytoplasm. Additionally, the high K m hexokinase IV (glucokinase) acts as a glucose trap via its phosphorylation because glucose-6-phosphate phosphatase is found at low levels in the ␤-cell (1). As a result, the fate of glucose once it has entered the ␤-cell is its intracellular metabolism, and excess glucose should be eliminated in pathways to prevent the formation of toxic lipids, mitochondrial dysfunction, or endoplasmic reticulum stress (1) .
Thereisacleardichotomyintheglucoseconcentrationdependence profiles of GSIS and glucose oxidation, which showed saturation by 16 mM glucose, as compared with glucose utilization, glycerol release, glycogen synthesis, FFA synthesis and release, and synthesis and storage of TG and cholesterol, which increased linearly up to 25 mM glucose without any indication of saturation. An ideal detoxification pathway is expected to operate continuously with less or no saturation so that the toxicity due to the excessive amount of substrate is alleviated effectively. In light of this, it can be viewed that the major fate and pathways of glucose metabolism in rat islet, besides its oxidation, that are possibly involved in fuel-excess detoxification (Fig. 3D) are glycerol formation and release, TG formation and storage, FFA synthesis and release, formation of free cholesterol and cholesterol ester, and glycogen synthesis and storage, the latter being quantitatively less important. Below we discuss the candidate roles of these pathways in fuel-excess detoxification versus glucose signaling for secretion.
Glycerol release, which linearly increases with glucose concentration, likely arises primarily from the direct hydrolysis of Gro3P by the newly discovered glycerol-3-phosphate phosphatase (42) at least at elevated glucose concentrations. Thus, contribution to glycerol release by glucose-stimulated lipolysis is important only at glucose concentrations Ͻ10 mM (42) . We recently reported that overexpression of glycerol-3-phosphate phosphatase promotes glycerol release from rat islets and INS-1(832/13) cells and reduces the apoptotic effect of chronic elevated glucose (glucotoxicity), whereas down-regulation of the enzyme had opposite effects. Thus, glycerol release is likely an important pathway of glucodetoxification in the ␤-cell (42) .
Glucose utilization, which increases linearly with increasing glucose concentration, is reflected in the increase in FFA (cellular and release), total cholesterol, and TG. Several studies have also shown changes in TG content (54, 55) , FFA content and release (55, 56) , and cholesterol content (55) in response to increasing glucose concentrations in islets and in other cell types (57) . However, this is the first islet study to examine, in the same setting, many pathways, metabolites, and candidate MCFs such that they can be quantitatively compared.
Glucose carbons can be directed toward de novo biosynthesis of FFA and FFA elongation in various cells, including ␤-cells, and this proportion increases with increased glucose concen-trations (58, 59) . Our results indicate that islets convert a significant amount of glucose to FFAs and export nearly 50% of them out of the cell. Stearic and palmitic acids are the predominant FFAs that are synthesized and released into the medium. Similar results were obtained by Martins et al. (56) who measured changes in fatty acid composition caused by glucose in pancreatic islets. Because a large portion of FFA is released from the islets at high glucose, fatty acid synthesis and release are a strong candidate pathway for glucodetoxification in the ␤-cell. However, the released fatty acid could also act as an autocrine and paracrine signal in the lipid amplification pathway for GSIS via the fatty acid receptor FFAR1 (1) . Similarly, the rise in intracellular FFA may help to drive the GL/FFA cycle for the formation of lipid signaling molecules for secretion, in particular monoacylglycerol (1) .
Free cholesterol is essential for many cellular functions and membrane fluidity but has toxic effects when present in excess (60, 61) . Toxicity of accumulating cholesterol is normally controlled via its esterification with FFA by acyl-CoA:cholesterol acyltransferase-1 to produce cholesterol esters (CE) (62) and its efflux via ATP-binding cassette transporter A1 (ABCA1). It has been shown that deletion of ABCA1 and/or ABCG1 genes that facilitate cholesterol efflux from ␤-cells causes accumulation of total cholesterol and its derivatives and reduced insulin secretion (63, 64) . We noticed that much of the glucose carbons are directed toward CE and free cholesterol in islets. These results are in accordance with an earlier study by MacDonald et al. (55) who used labeled glucose and reported that at high glucose ϳ15% of the glucose carbons are incorporated into CE. Because cholesterol can be secreted from cells and CE are considered as a biologically inert storage (detoxification) form of cholesterol and because inhibition of cholesterol efflux causes ␤-cell dysfunction, this pathway is also potentially involved in excess-fuel detoxification in the ␤-cell. This is not to dismiss that chronic accumulation of free cholesterol in the ␤-cell contributes to ␤-cell failure in diabetes (50, 65) .
Elevated glucose also caused significant accumulation of TG that in various cell types constitutes a relatively inert form of lipid accumulation in the form of droplets of various sizes. Thus, TG formation in islets may contribute to glucodetoxification, and consistent with this view an inverse relationship between cytotoxicity of chronic elevated FFA in pancreatic islet cells and ␤-cell TG accumulation has been reported (36) .
Glycogen also significantly accumulated in islets at high glucose, although it was quantitatively less than total FFA, cholesterol, and TG. Similar to TG, glycogen is considered as a relatively inert form of fuel excess energy storage in various cell types, and thus this pathway may also contribute to nutrientexcess detoxification. However, upon chronic exposure to marked hyperglycemia, like cholesterol, the massive accumulation of glycogen could contribute to ␤-cell dysfunction because the ␤-cell glycogen content appears to correlate with apoptosis in a mouse model of human neonatal diabetes (66) .
In sum, this study identifies glycerol and FFA release as well as cholesterol ester, triglyceride, and glycogen deposition as potential pathways of nutrient-excess detoxification in the ␤-cell. Additional work is required to directly test the relative importance of these pathways to protect the ␤-cell from hyperglycemia.
It is somewhat unexpected that glucose utilization in rat islets continues to increase linearly as the concentration of glucose increases. The rate-controlling transporters/enzymes for these processes, notably glucokinase, have K m values of ϳ10 mM, and one might therefore expect some tailing off of the rates as glucose increases from 11 to 25 mM. The possible explanation of the lack of tailing off of glucose usage is that endogenous glucokinase under our experimental conditions in intact cells has perhaps higher K m than the purified enzyme. It is important to keep in mind that the K m calculated for purified glucokinase cannot be readily applied to whole-cell studies. Glucokinase in the whole cell (␤-cells) is regulated/activated by its association with other components, for example PFK2/FBPase-2 (67) . Nonetheless, the lack of tailing off of glucose usage is consistent with the lack of tailing off of anaplerosis-cataplerosis-derived FFA, cholesterol, and TG synthesis.
Another important aspect of this study concerns the coupling mechanisms of GSIS, and this is discussed below. Inasmuch as there is a significant correlation between overall glucose oxidation and GSIS in islets, we examined whether the formation of any specific glucose oxidation-derived product(s) follows the same glucose dose dependence as GSIS and can be accounted as a potential MCF contributor. Thus, production of ATP, needed for K ATP channel inhibition, follows the same saturation kinetics as GSIS and agrees with the widely accepted role of ATP as an MCF (1) . Even though ROS were proposed to be MCFs, no close correlation with GSIS was noticed in our results. Interestingly, the decline in ROS levels above 10 mM glucose may be an indication of their detoxification (23) . The decrease in ROS at higher glucose concentration is in accordance with the metabolomics data in INS-1(832/13) cells showing an increase in NADPH and GSH at high glucose concentration because NADPH is used by the glutathione redox system to eliminate ROS (68, 69) . Several studies have shown enhanced ROS levels at elevated concentration of glucose in ␤-cells (19, 70 -72) , but to our knowledge none so far have reported the glucose dose dependence of the effect. Thus, these studies likely missed the "bell shape" of ROS production as a function of glucose levels, particularly for hydrogen peroxide (H 2 O 2 ).
To gain further insight into signaling metabolites, we used a targeted metabolomics approach in INS-1(832/13) cells. Fumarate, malate, citrate/isocitrate, succinate, and malonyl-CoA levels correlated well with GSIS and thus could be candidate MCFs. Thus, several studies implicated anaplerosis and the citrate/isocitrate/malate-pyruvate cycles as pathways for GSIS (1, 8, 33, 73) . Citrate cataplerosis generates malonyl-CoA, which by inhibiting FFA oxidation (74) was shown to play a role in GSIS. The marked reduction in HMG-CoA with elevated glucose, as we observed before in HIT cells (15) , may be due to the reduced fatty acid oxidation and ketogenesis at elevated glucose because HMG-CoA is an intermediate of this pathway or the consumption of this metabolite for cholesterol synthesis, which linearly increased with glucose concentration in islets.
Dihydroxyacetone phosphate, Gro3P, pyruvate, lactate, ␣ketoglutarate, and NADH correlate better with glucose utilization than with GSIS. It is interesting to note that significant amounts of cataplerotic metabolites, in particular citrate (59, 75) and ␣-ketoglutarate (76), can efflux from cells and thus contribute to excess-fuel detoxification. In fact, we previously observed that as much as 20% of the glucose carbons entering glycolysis exit from ␤-cells in the form of citrate (77) . Thus, citrate by virtue of its participation in pyruvate cycling processes and malonyl-CoA production and by its ability to exit the cell in relatively large amounts is a common metabolite involved in pathways for GSIS as well as for glucose detoxification.
The steady rise in dihydroxyacetone phosphate and Gro3P with glucose underlies the linear increase in glycerol release, likely through the hydrolysis of Gro3P by glycerol-3-phosphate phosphatase, but may not be directly related to GSIS. However, it is likely involved in excess-fuel detoxification as discussed above. Although we noticed a glucose-dependent linear nonsaturating increase in pyruvate and lactate in INS-1(832/13) cells, this may not be of significance for excess-fuel detoxification in primary ␤-cells, which have very low amounts of lactate dehydrogenase (78) .
The large increase in malate after glucose stimulation accompanied with a decrease in aspartate is consistent with the idea that the "malate-aspartate shuttle" plays an important role in the transfer of NADH across mitochondrial membrane and in the anaplerotic supply of oxaloacetate in mitochondria from aspartate. These results are consistent with the initial proposal by Simpson et al. (79) that aspartate is consumed during GSIS and forms the primary non-pyruvate carboxylase-derived anaplerotic substrate oxaloacetate for the tricarboxylic acid cycle during GSIS.
Glutamate has been proposed to participate in GSIS through the action of mitochondrial glutamate dehydrogenase (␣-ketoglutarate to glutamate direction) (80) . However, our results indicate unchanged levels of glutamate with increasing glucose concentrations in INS-1(832/13) cells. The results do not support a role of glutamate as an MCF, but the possibility that there is a change of glutamate in a signaling pool without a change in total glutamate cannot be ruled out. Another proposed MCF for GSIS is NADPH, which showed parallel changes with insulin secretion and is consistent with the idea that NADPH or the NADPH/NADP ratio is a potential MCF for GSIS (51, 73, 81, 82) .
The overall regulation of K ATP channels by adenine nucleotides depends on the net inhibitory effect of ATP on Kir6.2 and the activating effect of MgADP on the SUR1 component of the channel (83, 84) . Although the increase in ATP levels at elevated glucose was rather subtle, the simultaneous decrease in ADP was marked, and this probably results in an optimal ATP/ ADP ratio that facilitates the closure of K ATP channels. The data suggest that variations in ADP upon glucose stimulation are more important than those of ATP to modulate K ATP channels and insulin secretion.
A limitation with this and earlier metabolomics studies in the ␤-cell and other cell types is that the bulk measurements of metabolites in cell populations provide no information on intercellular and subcellular heterogeneity or on the free and bound concentrations in a single compartment (41) . In terms of MCFs, it would be informative to know the cytosolic content of metabolites or their concentrations in the vicinity of the plasma membrane close to the exocytosis process; hopefully technological developments will allow this in the future.
In conclusion, the results support the concept that in the ␤-cell some metabolic pathways play a role in fuel-excess detoxification. These possible detoxification processes could involve the storage of high energy currencies (TG, glycogen, and cholesterol esters) and the extracellular release of metabolites derived from glucose (glycerol, cholesterol, and FFA). Furthermore, the data indicate that besides glucose oxidation major fates of glucose-derived metabolites are glycerol, FFA, cholesterol, and TG. Also, a comprehensive study of islet metabolism and targeted metabolomics in INS-1(832/13) cells showed that glucose oxidation, oxygen consumption, ATP production, some citric acid cycle intermediates, malonyl-CoA, and a lowering of ADP closely correlated with insulin secretion, whereas glucose usage, glycerol release, glycogen content, FFA content and release, and TG and cholesterol content increased almost linearly with glucose concentration. By contrast, the dose dependence of GSIS did not correlate well with ATP, cAMP, ROS, and glutamate that have been proposed to act as MCFs for insulin secretion. Overall, the data support some prevailing hypotheses of ␤-cell metabolic signaling, in particular a role for accelerated oxidative mitochondrial metabolism, anaplerosis, and malonyl-CoA/lipid signaling and suggest that a decrease in ADP levels plays an important role in GSIS.
Experimental procedures
Islet isolation and culture
All procedures involving animals were approved by the Institutional Committee for the Protection of Animals at the Centre de Recherche du Centre Hospitalier de l'Université de Montréal. Pancreatic islets were isolated from male Wistar rats from Charles River (St-Constant, Quebec, Canada) as described before (85) by collagenase (type XI from Sigma-Aldrich) digestion of total pancreas. Isolated islets were handpicked under a stereoscope and cultured overnight at 37°C in RPMI 1640 medium with sodium bicarbonate supplemented with 10% fetal calf serum, 10 mM HEPES (pH 7.4), 2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin, and 100 g/ml streptomycin at 11.1 mM glucose in a Petri dish before the start of the experiments.
Insulin secretion in isolated islets
Islets were transferred to RPMI 1640 medium with 4 mM glucose for 2 h. Then batches of 100 islets were washed in Krebs-Ringer buffer-HEPES (KRBH) at pH 7.4 containing 4 mM glucose and 0.5% defatted BSA and preincubated for 45 min in KRBH containing 4 mM glucose, 0.5% defatted BSA, 50 M L-carnitine, 2 mM glutamine, and various pharmacological agents or DMSO. Islets were then incubated for 60 min in KRBH with 0.5% defatted BSA, 50 M L-carnitine, and 2 mM glutamine containing different concentrations of glucose in the presence or absence of pharmacological agents. At the end of the incubations, media were collected. Total insulin released into medium and total insulin content were determined by radioimmunoassay with a kit (Linco Research, St. Charles, MO) or by AlphaLISA assay (PerkinElmer Life Sciences) using human insulin (Sigma-Aldrich) as a standard.
Glycerol assay
One hundred freshly isolated rat islets were incubated for 60 min in KRBH as described above at various concentrations of glucose. At the end of the incubation, media were kept to measure glycerol release. A radiometric glycerol assay was used to measure glycerol in the medium as described (42, 86) . The assay is based on glycerol phosphorylation by glycerokinase in the presence of [␥-32 P]ATP (Perkin Elmer Life Sciences).
Determination of free fatty acids
For FFA determinations, isolated rat islets were incubated for 60 min in KRBH at various glucose concentrations as described above. FFAs accumulated in the islet cells and released into the medium were extracted separately by a modified Dole-Meinertz extraction procedure (87) . FFAs released into the medium were measured using 0.5 ml of incubation media. For cellular FFA content determinations, medium was rapidly removed, and islets were rinsed once in PBS and immediately frozen in liquid nitrogen. Then the frozen islets were resuspended in 0.5 ml of water, taken for extraction, derivatized, and measured by HPLC as described before (11) . Briefly, samples (0.5 ml) in Pyrex glass tubes were mixed with the internal standard [ 2 H 31 ]palmitic acid and extracted with 2.5 ml of a solvent mixture containing isopropanol, n-heptane, and 2 M phosphoric acid (40:10:1 by volume). After thorough mixing by vortexing, tubes were introduced in a bath sonicator (Branson Ultrasonic) and sonicated for 2 min with 30-s intervals, avoiding sample heating. After rigorous mixing by vortexing, samples were incubated at room temperature for 10 min before the addition of 1 ml of heptane and 1.5 ml of water. Tubes were then again thoroughly vortexed and sonicated for 1 min. Tubes were centrifuged at 1000 ϫ g for 10 min at 4°C. An aliquot of 1.5 ml (88% of the total organic phase) from the top layer was transferred to 2.0-ml Reacti-Vials (Supelco) and dried under nitrogen (N-Evap, Organomation, Berlin, MA). The dried fatty acids were derivatized with phenacyl bromide and quantified by reverse phase HPLC using a Zorbax Eclipse Plus XDB analytical C 18 column (4.6 ϫ 250 mm, 5 m; Agilent Technology). The FFAs were eluted using methanol/water (92.5:7.5 by volume) at a flow rate of 1.5 ml/min, and the absorbance of eluting FFA was measured at 242 and 254 nm. The peaks were identified by comparing their retention times with fatty acid standards, and the concentrations of individual FFAs were calculated by the internal standard method from peak area using the standard curves of individual FFAs.
Islet glucose metabolism
Groups of 20 freshly isolated islets, cultured and preincubated as described for insulin secretion, were incubated at 37°C for 90 min in KRBH with 0.5% defatted BSA containing 0.5 Ci of D-[5-3 H]glucose (16 Ci/mmol), 1 Ci/ml D-[U-14 C]glucose (250 mCi/mmol) (PerkinElmer Life Sciences), and different concentrations of glucose. Incubation was stopped by the addition of citrate/NaOH buffer (400 mM, pH 4.9) containing antimycin A (10 M), rotenone (10 M), and potassium cyanide (5 mM) as described previously (88) . Glucose oxidation was measured by following the generation of 14 CO 2 trapped in potassium hydroxide after 60-min incubation at room temperature. Glucose utilization was determined by measuring the amount of 3 H 2 O (89).
Islet triglyceride and cholesterol
Triglyceride (54) and cholesterol (65) contents were measured in batches of 100 isolated rat islets. Briefly, for islet triglyceride determinations, isolated islets were subjected to liquid-liquid extraction using a chloroform/methanol (2:1, v/v) mixture. Organic phases (chloroform) were transferred into new glass tubes and dried under nitrogen (N-Evap). For quantification, the dried material was resuspended in isopropanol, and triglycerides were measured enzymatically with a commercial kit (GPO Trinder, Sigma). Triolein (Sigma), dissolved in chloroform and processed similarly to samples, was used as a standard. For islet cholesterol determinations, the same method was used to extract lipids, and cholesterol was measured using a commercial kit (Amplex Red cholesterol assay kit, Molecular Probes).
Oxygen consumption and mitochondrial function
Oxygen consumption was measured at 37°C from isolated rat islets after overnight recovery using a Seahorse XF24 analyzer (Seahorse Bioscience, Billerica, MA). Islets were seeded at a density of 75 islets/well. After basal respiration measurement for 20 min, glucose levels were elevated to 10, 16, or 25 mM. After incubation for 20 min, oligomycin, rotenone, and antimycin were added by three successive injections to assess uncoupled respiration and non-mitochondrial respiration. ATP production was calculated by measuring the decrease in oxygen consumption rate upon injection of oligomycin (90) .
Reactive oxygen species determination
Superoxide (O 2 . ) levels were measured in dispersed cells from freshly isolated islets (200 islets per determination) that had been incubated at different concentrations of glucose. Superoxide was detected by FACS measurement of hydroethidine (HE) oxidation as described before (91, 92) . Following 40-min incubations, 2.5 M HE was added, and cells were incubated at 37°C for an additional 20 min prior to analysis of HE-derived red fluorescence (690-nm bandpass filter). For H 2 O 2 measurement, intact rat islets were used and treated as described above, and an Amplex Red hydrogen peroxide/peroxidase assay kit (Thermo-Fisher Scientific, Waltham, MA) was used for detection. Amplex Red reagent (100 M) was added 20 min prior to the termination of the 60-min incubations to react with intracellular H 2 O 2 , and the resulting red fluorescence oxidation product, resorufin, was measured using a Fluostar Optima (BMG Biotechnology, Germany) with the filters at 570 nm for excitation and 595 nm for emission.
Glycogen content
Islet glycogen content following 60-min incubations was determined as glucose units analyzed fluorometrically using a glycogen assay kit (Abcam, Toronto, Ontario, Canada).
Insulin secretion and targeted metabolomics in INS-1(832/13) cells
Rat insulinoma INS-1(832/13) cells (47) (passages 54 -63) were cultured at 11.1 mM glucose in RPMI 1640 medium supplemented with 10% (w/v) fetal bovine serum, 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, and 50 M ␤-mercaptoethanol (complete RPMI) at 37°C in a humidified atmosphere (5% CO 2 , 95% air). Cells were seeded at 4 ϫ 10 5 cells in 6-well culture plates for 2 days to reach 60 -70% confluence at the day of treatment. Cells were then preincubated in complete RPMI containing 2 mM glucose followed by two successive incubations in KRBH as described under "Insulin secretion in isolated islets" except that 2 mM glucose ϩ glutamine was the basal value for glucose. At the end of the 60-min incubation period with different concentrations of glucose, media were rapidly removed and kept for measurement of secreted insulin, and cell metabolism was rapidly quenched by transferring culture plates in liquid nitrogen. Metabolites were extracted as described previously (37) with the following modifications. Cells were scraped on ice and collected in 675 l of ice-cold extraction buffer (80% methanol, 13.7 mM ammonium acetate, pH 9.0, with 10 M [ 13 C 10 , 15 N 5 ]adenosine 5Ј-monophosphate lithium salt (Sigma-Aldrich) as internal standard; transferred into polypropylene tubes; and sonicated in a cup-horn sonicator (Q700 sonicator, Qsonica, Newtown, CT) at 150 watts for 2 min (cycles of 10 s on, 10 s off) in an ethanol-ice bath. Cell extracts were centrifuged at 4°C for 10 min at 25,830 ϫ g, and supernatants were collected in ice-cold 2-ml polypropylene tubes to which 250 l of water were added. Polar metabolites were extracted with 1080 l of chloroform:heptane (3:1, v/v) by 2 ϫ 10-s vortexing followed by 10-min incubation on ice and 15-min centrifugation at 4°C at 12,500 ϫ g. From the upper phase, 600 l were collected without carrying out any interface material and transferred into new cold 2-ml polypropylene tubes. These tubes were centrifuged again, and 400 l of supernatant were collected into cold 1.5-ml polypropylene tubes. Samples were frozen in liquid nitrogen and dried in two steps: first, in a SpeedVac concentrator for ϳ2 h (Savant; maximal vacuum, no heat) at 4°C to remove most of the methanol; second, by lyophilization for 90 min (FreeZone, Labconco, Kansas City, MO), and then stored at Ϫ80°C until used. Samples were reconstituted in 14 l of Milli-Q water, and injections of 3 l were performed in duplicate on an LC-electrospray ionization-MS/MS system composed of an Agilent 1200 SL (93) and a triple-quadrupole mass spectrometer (4000Q TRAP MS/MS, Sciex). Samples were separated by gradient elution for 12 min on a Poroshell 120 EC-C18, 2.1 ϫ 75-mm, 2.7-m column (Agilent Technologies) using a mobile phase consisting of an aqueous solvent A (10 mM tributylamine, 15 mM acetic acid, pH 5.20) and an organic solvent B (95% acetonitrile in water, 0.1% formic acid) at a flow rate of 0.75 ml/min. Column oven temperature during the separation was maintained at 40°C. The MS system was operated in negative electrospray ionization mode using a turbo ion spray source. Transitions used and quantifications were described previously (37) . Peak areas were used for relative quantification of identified metabolites.
Glucose metabolism and signaling in ␤-cells
Calculation of carbon equivalents in metabolite determination studies
To provide an estimate of the fate of glucose carbons upon increasing concentrations of glucose (Fig. 3, C and D) , carbon equivalents for the analyzed metabolites were determined by taking into account the carbon content of each metabolite. Briefly, the carbon equivalent for lower glycolysis was calculated by multiplying the nmol/mg of protein/h glucose used by 6, corresponding to the number of carbons found in glucose. Glycerol has three carbons; thus we multiplied the nmol of glycerol released by 3. For FFA, the palmitate (16 carbons) was taken as a benchmark; thus we multiplied the nmol of FFA content and released by 16. For TG, we considered tripalmitin as the reference molecule with three palmitates providing 48 carbons (16 carbons ϫ 3) and then added three carbons for the glycerol backbone for a total of 51 carbons. Glycogen content is expressed as nmol of glucose, and therefore we multiplied the nmol of glucose produced by 6. Finally, for cholesterol contents, we considered 27 carbons, and for cholesterol esters we considered 45 carbons, corresponding to the esterification of an oleate (18 carbons) onto cholesterol. The carbon equivalent values for total cholesterol content correspond to the addition of carbon equivalents of free cholesterol and cholesterol esters. Upper glycolysis corresponds to the addition of carbon equivalents of lower glycolysis and glycerol. Calculated glycolysis corresponds to the addition of carbon equivalents of upper glycolysis and glycogen (see also "Calculation of carbon equivalents in metabolite determination studies" under "Results" ). 
